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The electronic and magnetic properties of Fe atoms in the ferromagnetic semiconductor (In,Fe)As
codoped with Be have been studied by x-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) at the Fe L2,3 edge. The XAS and XMCD spectra showed simple
spectral line shapes similar to Fe metal, but the ratio of the orbital and spin magnetic moments
(Morb/Mspin) estimated using the XMCD sum rules was significantly larger than that of Fe metal,
indicating a significant orbital moment of Fe 3d electrons in (In,Fe)As:Be. The positive value of
Morb/Mspin implies that the Fe 3d shell is more than half-filled, which arises from the hybridization
of the Fe3+ (d5) state with the charge-transfer d6L states, where L is a ligand hole in the host
valence band. The XMCD intensity as a function of magnetic field indicated hysteretic behavior of
the superparamagnetic-like component due to discrete ferromagnetic domains.
PACS numbers: 75.50.Pp, 71.55.-i, 78.70.Ck, 78.70.En
Ferromagnetic semiconductors (FMSs) are key materi-
als for semiconductor spintronics [1] and have attracted
much attention both from the application and fundamen-
tal physics points of view. Charge carriers doped into the
host semiconductors are considered to mediate ferromag-
netic interaction between the magnetic ions, that is, so-
called carrier-induced ferromagnetism [2], which enables
us to utilize both the charge and spin degrees of freedom
of the electron for functional devices. Indeed, the pro-
totypical p-type III-V-based FMS Ga1−xMnxAs shows
ferromagnetic properties depending on carrier concentra-
tion [3, 4], and novel spintronic functional devices using
Ga1−xMnxAs have been fabricated [5, 6]. However, its
Curie temperature (TC) still remains below room tem-
perature. Furthermore, in addition to the p-type FMSs,
n-type FMSs are necessary for the applications of FMSs
to spintronics.
Recently, Hai et al. [7–9] have succeeded in fabricat-
ing a new n-type FMS In1−xFexAs:Be (InFeAs). Here,
Be atoms are located at the interstitial site under the low-
temperature growth condition and act as double donors.
One can, therefore, independently control the concentra-
tions of magnetic dopants and electron carriers by chang-
ing the Fe and Be contents. When the electron carrier
concentration is larger than 1019 cm−3, InFeAs shows fer-
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romagnetic properties. The magnetization curves show
hysteresis in agreement with the magnetic field depen-
dence of the anomalous Hall effect and magnetic circu-
lar dichroism (MCD) intensity in the visible-ultraviolet
photon-energy region [8]. These results indicate that the
ferromagnetic property of InFeAs is intrinsic and most
likely carrier-induced. The observation of a light electron
effective mass comparable to that of the conduction elec-
tron in InAs implies that electron carriers are doped into
the conduction band and that the Fermi level is located
above the conduction-band minimum [9]. The knowledge
of the electronic structure related with the Fe ion in the
InAs host is, therefore, indispensable to understand the
mechanism of the ferromagnetism in InFeAs.
X-ray magnetic circular dichroism (XMCD) is a power-
ful tool to investigate the electronic structure of magnetic
dopants in FMSs [10–13]. XMCD is defined as the differ-
ence between the x-ray absorption spectroscopy (XAS)
spectra taken with circularly polarized x rays with the
photon helicity parallel (µ+) and antiparallel (µ−) to
the spin polarization; ∆µ ≡ µ+ − µ−. Since XMCD
is element-specific and sensitive only to magnetically ac-
tive (ferromagnetic and paramagnetic) species, XMCD
enables us to extract the electronic and magnetic proper-
ties of doped magnetic ions. Compared with macroscopic
magnetization measurements, XMCD detects no diamag-
netic signal from the substrate and has the capability to
distinguish between the paramagnetic and ferromagnetic
components [13]. In the present work, we report on the
results of XMCD measurements of InFeAs, and study the
2role of the Fe ions in the ferromagnetism.
An In1−xFexAs:Be (x = 0.05) thin film with the thick-
ness of 20 nm was grown on a InAs(001) substrate at
240 ◦C in an ultra-high vacuum by the molecular beam
epitaxy method. The Be concentration was 2.6 × 1019
cm−3. In order to avoid surface oxidation, the samples
were covered by an As capping layer (∼ 1 nm) after the
deposition of the In1−xFexAs:Be layer. The Curie tem-
perature TC of the sample was ∼ 13 K as determined by
the Arrott plot of MCD.
X-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD) measurements were
performed at the helical undulator beam line BL23-SU
of SPring-8 [14–16]. The monochromator resolution was
E/∆E>10, 000. Absorption spectra µ+ and µ− for circu-
larly polarized x rays were obtained by reversing photon
helicity at each photon energy and were recorded in the
total-electron-yield mode. The µ+ and µ− spectra were
taken both for positive and negative applied magnetic
fields and were averaged in order to eliminate spurious
dichroic signals arising from the slightly different opti-
cal paths for the two circular polarizations. External
magnetic fields were applied perpendicular to the sample
surface. Backgrounds of the XAS spectra at the Fe L2,3
edge were assumed to be hyperbolic tangent functions.
Figures 1(a) and 1(b) show the Fe L2,3 XAS and
XMCD spectra of the InFeAs thin film, respectively,
taken at H = 10 T and T = 10 K. The XAS and XMCD
spectra are simple spin-orbit doublets without fine struc-
tures similar to these of Fe metal [17] and Fe pnictides
[18], but unlike Fe oxides [19]. The absence of clear Fe
oxide signals in the spectra demonstrates that the amor-
phous As passivation layer protected the InFeAs surface
from oxidation [20]. The pre-edge structure around 705
eV in the XAS spectrum comes from the In M2 edge.
Figure 1(c) shows the Fe L3 XMCD spectra for different
H ’s and T ’s normalized to the main peak height. The
almost unchanged XMCD line shapes indicate that the
local electronic structure and the magnetic state of the
Fe 3d electrons do not change with H and T . However,
the small shoulder structure around hν = 710 eV slightly
increases with H , indicating that the structure may orig-
inate from a small amount of extrinsic paramagnetic ox-
idized Fe atoms.
The spin (Mspin) and orbital (Morb) magnetic mo-
ments of Fe in (In,Fe)As in units of µB/atom are esti-
mated by applying the XMCD sum rules [21, 22]:
Morb = −
2
∫
L2,3
dω∆µ
3
∫
L2,3
dω µ¯
nh, (1)
Mspin + 7MT = −
3
∫
L3
dω∆µ− 2
∫
L2,3
dω∆µ
∫
L2,3
dω µ¯
nh, (2)
to the Fe L2,3 XAS and XMCD spectra and are listed in
Table I. Here, nh is the number of empty 3d states and
is assumed to be 5 because of the formal valence of Fe3+
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FIG. 1: Fe L2,3-edge XAS and XMCD spectra of
In0.95Fe0.05As:Be thin film. (a) XAS spectra [µ¯ = (µ
+ +
µ−)/2]. The spectra have been normalized to the peak height
(≡ 100). (b) XMCD spectra (∆µ = µ+ − µ−) at H = 10
T and T = 10 K. The scale of the vertical axis is the same
as panel (a). (c) Scaled XMCD spectra for different applied
magnetic fields and temperatures.
(3d5). MT is the expectation value of the magnetic dipole
operator and is assumed to be negligibly small because of
the high symmetry of the Fe site. The correction factor
for Mspin of the Fe
3+ (d5) configuration, 0.685 [23], has
been applied. By dividing Eq. (1) to Eq. (2), Morb/Mspin
is given by:
Morb/Mspin ≈
2
3
∫
L2,3
dω∆µ
3
∫
L3
dω∆µ− 2
∫
L2,3
dω∆µ
. (3)
Notably, the value of Morb/Mspin is independent of nh
and the XAS integral. The finite positive value of
Morb/Mspin reflects the finite orbital moment of a more
than half-filled Fe 3d shell. Because the ratioMorb/Mspin
of InFeAs is positive and larger than that of Fe metal
[17], the electronic structure of Fe in InFeAs should be
different from that of Fe in Fe metal. We consider that
the ground state of Fe in InFeAs is basically Fe3+ (d5)
(because Fe substitutes for In3+) but that the charge-
transfer d6L configuration, where L denote a hole in the
As 4p ligand band, is mixed into the predominant d5 con-
figuration through the Fe 3d-As 4p hybridization, which
indeed makes the number of d electron nd (= 10−nh) is
a little larger than 5.
Figure 2(a) shows the H dependence of the XMCD in-
tensity at hν = 708.5 eV, namely, at the peak position of
L3 XMCD at various temperatures. Since the line shape
of the XMCD spectrum remains nearly unchanged with
varying H and T as shown in Fig. 1(c), the XMCD peak
intensity should be proportional to the total magnetic
moment of Fe M (=Mspin+Morb) or the magnetization.
In Fig. 2(a), therefore, we have converted the vertical
3TABLE I: Spin and orbital magnetic moments of Fe in units
of Bohr magnetron in the In0.95Fe0.05As:Be thin film at H =
10 T and T = 10 K compared with those of Fe metal [17].
Here, the number of d electrons has been assumed to be 5.
The correction factor for the Fe3+ ion (0.685) [23] has been
employed.
Mspin Morb Morb/Mspin
In0.95Fe0.05As:Be 1.60 ± 0.02 0.10± 0.02 0.065 ± 0.014
Fe (bcc) [17] 1.95 ± 0.08 0.085 ± 0.004 0.043 ± 0.001
axis from the XMCD peak intensity to M . At several
H values, the XMCD sum rules have been applied to
the entire spectra and the deduced M values are plot-
ted by filled symbols. With increasing T , M decreases
and the susceptibility, i.e., the slope of the M -H curves
aroundH = 0, diminishes. TheM -H curves are concave,
suggesting globally superparamagnetic-like behavior. In
the previous studies [8], such superparamagnetic-like hys-
teresis is attributed to the existence of discrete ferromag-
netic domains due to the spatial fluctuations of electron
concentration ne; areas with high ne become ferromag-
netic, while areas with low ne remain paramagnetic. At
a zero magnetic field, the magnetization is minimized to
reduce the total static magnetic energy due to dipolar
interactions between ferromagnetic domains, which ex-
plains the observed small remanent magnetization. Note
that this behavior is significantly different from the su-
perparamagnetism due to thermal fluctuations in con-
ventional nanocluster systems. Indeed, the coexistence
of ferromagnetic and paramagnetic domains on a 10 µm
scale in InFeAs has been confirmed by magneto-optical
imaging [8].
To further confirm this picture, we measured an M -
H curve at T = 10 K for magnetic fields ranging from
positive to negative directions, as shown in Figure 2(b).
Since the line shape of the XMCD spectra is independent
of temperature, the electronic structure of the intrinsic
paramagnetic Fe components is indistinguishable from
that of the ferromagnetic one. The coexistence of ferro-
magnetic and paramagnetic regions is evidenced by two
characteristics. First, the saturated magnetic moment
per Fe atom of the ferromagnetic component is only 1.2
µB, which is much smaller than the expected ∼ 5 µB if all
Fe atoms contributed to ferromagnetism. This indicates
that there must be regions that remain paramagnetic.
Second, the M -H curve is not saturated and has a linear
component even at 7 Tesla, which indicates the contri-
bution of paramagnetic areas. Nevertheless, the sample
is not superparamagnetic, since clear coercivity of ∼ 40
Oe and non-zero remanent magnetization are observed,
as shown in the inset of Fig. 2(b). This is consistent with
those obtained from the SQUID and MCD measurements
[8] and gives evidence for the ferromagnetic behavior of
the InFeAs with TC = 13 K.
In conclusion, we have performed an XMCD study
on InFeAs thin film to investigate the electronic struc-
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FIG. 2: M -H curves deduced from the magnetic-field de-
pendence of the Fe L2,3 XMCD intensity. (a) M -H curves
taken at various temperatures. The XMCD peak intensity at
hν = 708.5 eV (Fe L3) is plotted by open symbols. The total
magnetic moment M = Mspin +Morb estimated by applying
the XMCD sum rules for several H values is plotted by filled
symbols. (b) M -H curve taken at T = 10 K for both positive
and negative magnetic fields. The inset shows an enlarged
plot around the zero magnetic fields.
ture of the Fe ions related to the magnetism. The line
shape of the XMCD is unchanged with magnetic fields
and temperatures, the latter of which indicates that the
XMCD signal from doped Fe atoms is intrinsic. The ratio
Morb/Mspin is positive and larger than that of Fe metal,
indicating that the electronic structure of the Fe ions in
InFeAs is different from that of Fe metal. The positive
Morb/Mspin is explained by the charge transfer from the
ligand to Fe 3d orbitals through the hybridization be-
tween the Fe 3d and As 4p ligand states. The XMCD
intensity as a function of magnetic field shows hysteretic
behavior of the superparamagnetic-like component due
to discrete magnetic domains in InFeAs:Be. We suggest
that, in order to improve the magnetic characteristics of
InFeAs, homogenous electron doping is necessary, which
may be obtained if group VI atoms are used as donors in
4InFeAs.
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